Aims: Long noncoding RNAs (lncRNAs) play a key role in regulating immunological functions. Their impact on the chronic inflammatory disease multiple sclerosis (MS), however, remains unknown. We investigated the expression of lncRNAs in peripheral blood mononuclear cells (PBMCs) of patients with MS and attempt to explain their possible role in the process of MS. Methods: For this study, we recruited 26 patients with MS according to the revised McDonald criteria. Then, we randomly chose 6 patients for microarray analysis. Microarray assays identified outstanding differences in lncRNA expression, which were verified through real-time PCR. LncRNA functions were annotated for target genes using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses, and regulatory relationships between lncRNAs and target genes were analyzed using the "cis" and "trans" model. Results: There were 2353 upregulated lncRNAs, 389 downregulated lncRNAs, 1037 upregulated mRNAs, and 279 downregulated mRNAs in patients with MS compared to healthy control subjects (fold change >2.0). Real-time PCR results of six aberrant lncRNAs were consistent with the microarray data. The coexpression network comprised 864 lncRNAs and 628 mRNAs. Among differentially expressed lncRNAs, 10 lncRNAs were predicted to have 10 cis-regulated target genes, and 33 lncRNAs might regulate their trans target genes. Conclusions: We identified a subset of dysregulated lncRNAs and mRNAs. The differentially expressed lncRNAs may be important in the process of MS. However, the specific molecular mechanisms and biological functions of these lncRNAs in the pathogenesis of MS need further study.
Introduction
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) mediated by CD4 + T cells; it is characterized by demyelinating lesions and progressive axon loss [1] . The pathogenesis of MS is thought to be complex and not well understood, and genetic and environmental risk factors are reported to be involved. However, our current level of genetic knowledge can explain only about 25% of the overall risk of MS, depending on ethnicity and environment [2] [3] [4] . Epigenetic changes, such as altered DNA methylation, histone modifications, and microRNA-mediated posttranscriptional gene silencing may affect the initiation and progression of MS [5, 6] . Emerging evidence shows that long noncoding RNAs (lncRNAs) play a key role in the regulation of immunological functions [7] , suggesting that they might also be involved in MS. However, the precise role of lncRNAs in the pathogenesis of MS remains elusive. LncRNAs that are >200 nucleotides in length represent a new class of noncoding RNA [8] [9] [10] . They contribute to a variety of biological cascades and are reported to be involved in neurodegenerative diseases, diabetic mellitus, cancer, and cardiovascular diseases [11] [12] [13] [14] . Noncoding RNAs are emerging as a new regulatory layer that affects both the development of the immune system and its function [15, 16] . Although thousands of long intergenic noncoding RNAs (lincRNAs) have been identified in the mammalian genome by bioinformatics analyses of transcriptomic data, their functional characterization is still largely incomplete. Recent studies show widespread changes in the expression of lncRNAs during the activation of the innate immune response and T-cell This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. development, differentiation, and activation [17] . These lncRNAs control important aspects of immunity, such as production of inflammatory mediators, differentiation, and cell migration by regulating protein-protein interactions or via their ability to base pair with RNA and DNA [15, 16, 18] . Although several lncRNAs have been implicated in diverse processes and diseases [19, 20] , only a few examples of their regulation of the autoimmune diseases have been described [21] [22] [23] .
In the present study, we performed an array of lncRNA chip assays on peripheral blood mononuclear cells (PBMCs) of patients with MS. Outstanding lncRNA functions were annotated based on coexpression genes and a gene ontology (GO) biological analysis process. The relationships among lncRNAs and mRNAs were revealed through "cis" and "trans" analyses.
Materials and Methods

Study Population and Trial Design
During the open enrollment, a total of 26 relapsing-remitting patients with MS in the acute stage of disease were recruited at Tianjin Medical University General Hospital from May 2014 to August 2015 (Table 1) . These patients met the McDonald criteria for MS, as revised in 2010, and all met the criteria of the disease being disseminated in space (i.e., involvement of multiple areas of the CNS) and time (i.e., ongoing disease activity over time). We also verified MS by oligoclonal bands observed in the cerebrospinal fluid (CSF) of all patients with MS. Exclusion criteria were the following: [1] the presence of other diseases of the CNS in addition to MS [2] the presence of tumor(s) and systemic hematologic diseases [3] the presence of recent infection, and [4] concomitant use of antineoplastic or immunemodulating therapies prior to blood sampling. The Tianjin Medical University General Hospital institutional review boards approved the trial protocol and supporting documentation. We also recruited 20 age-and gender-matched healthy volunteers (control subjects) for the comparative study. Informed consent was obtained at enrollment from all patients or legally acceptable surrogates.
Isolation of human peripheral blood mononuclear cells (PBMCs)
Peripheral blood anticoagulated by ethylenediaminetetraacetic acid (EDTA) was obtained from all patients with MS and healthy controls. Human PBMCs were isolated using Ficoll-Hypaque gradients. Each RNA was detected by probes; this was repeated twice. The array also contained 4974 Agilent control probes. The lncRNA chip experiments were conducted at Capitalbio Corporation in Beijing, China. Different lncRNAs and mRNAs were analyzed using Cluster 3.0 software. The results were further analyzed using Tree View software. Green indicates low expression, and red indicates high expression in the output for these analyses.
RNA Extraction and Chip Arrays
Quantitative Real-time PCR Validation
Total RNA was extracted from PBMCs by Trizol â reagent (Invitrogen) following the manufacturer's instructions. RNA quantity and quality were assessed using a Nanodrop ND-100 Spectrophotometer (Nanodrop Technologies, Wilmington, USA) and a 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit, Waldbronn, Germany), with a 260:280 ratio of ≥1.5 and an RNA integrity number of ≥7 for the majority of the samples. For the reverse transcriptase (RT) reaction, SYBR Green RT reagents (Bio-Rad, Indianapolis, USA) were used. In brief, the RT reaction was performed for 60 min at 37°C, followed by 60 min at 42°C, using oligo (dT) and random hexamers. PCR amplifications were performed using SYBR Green Universal Master Mix. In brief, reactions were performed in duplicate containing 2 9 concentrated Universal Master Mix, 1 lL of template cDNA, and 100 nM of primers in a final volume of 12.5 lL, followed by analysis in a 96-well optical reaction plate (Bio-Rad). The lncRNA PCR results were quantified using the 2 DDct method against b-actin for normalization. The data represent the means of three experiments. We used the following real-time PCR primers: XLOC 010881F CCTCTGGGCTTCCTGATAAA XLOC 010881R AGACCTCCATCCTCAAACCA ENSG00000231898.3 F CCTCTGGGCTTCCTGATAAA 
LncRNA Coexpression Analysis and Gene Function Annotation
Volcano plot filtering was used to identify lncRNAs and mRNAs with statistically significant differences in expression. Hierarchical clustering was applied to present the diacritical lncRNA and mRNA expression patterns among the samples. LncRNA classification was carried out to explore the potential function of the differentially expressed lncRNAs. GO analysis and pathway analyses were also performed to describe more fully the roles of the differentially expressed mRNAs [25] . Furthermore, a coding-noncoding gene coexpression network (CNC network) was drawn using Cytoscape [26] , with Pearson coefficient >0.98. The microarray analysis was performed by Capitalbio Corporation.
Target Prediction
For each lncRNA, we calculated the Pearson correlation of its expression value with that of each mRNA. The mRNAs that were coexpressed with the lncRNA were defined as having a Pearson coefficient that exceeded 0.98 and a P-value <0.05. We identified the mRNAs as "cis-regulated target genes" when [1] the mRNA loci were within a 10-kb window up-or downstream of the given lncRNA; and [2] the Pearson correlation of lncRNA-mRNA expression was significant (r > 0.98 and P < 0.05). We then determined which mRNAs were likely to be transregulated by the lncRNA of interest. For each lncRNA, we calculated the overlap of the coexpressed mRNA set with transcriptional factor (TF) target genes and used hypergeometric distribution to calculate the significance of this overlap. If the mRNAs coexpressed with a given lncRNA significantly overlapped with the target genes of a given TF, it suggested that this TF might interact with the lncRNA and that these mRNAs might be the transregulated target genes of that particular lncRNA [27] .
Results
LncRNA and mRNA Expression Profiles in MS
To determine the expression levels of lncRNAs associated with MS, we performed lncRNA and mRNA microarray analyses on the PBMCs of patients with MS. These data were then compared to those obtained from the PBMCs of age-and gender-matched healthy controls. After separating signal from noise and performing t-tests, we observed significant differences in lncRNAs and mRNA expression of up to 2-fold (P < 0.05) ( Figure 1A ,B,D,E). These results are summarized in Table 2 . The lncRNA and mRNA expression data were clustered using Cluster 3.0 and are plotted in Figure 1C and F.
Validation of Disrupted lncRNA Expression in MS
To verify the disruption of lncRNA expression in patients with MS, we performed real-time PCR to determine the up-and downregulation of lncRNAs in each group. As shown in Figure 2 , differences in the expression of 6 lncRNAs were detected in patients with MS compared with healthy control subjects. LncRNA ENSG00000231898.3 was the most elevated (12.7-fold higher expression), followed by lncRNA XLOC_009626 (5.78-fold higher expression) and lncRNA XLOC_010881 (4.57-fold higher expression). LncRNA ENSG00000233392.1, lncRNA ENSG00000 259906.1, and lncRNA XLOC_010931 exhibited 5.38-, 2.99-, and 4.13-fold lower expression, respectively. These results were consistent with the results obtained from the microarray chip analyses.
LncRNA Function Annotation
To further explore the function of lncRNAs in MS, we subjected the results of the lncRNA and mRNA chip analyses to Pearson's correlation coefficient analysis, in which coexpression was considered at P > 0.98. LncRNA function was annotated using GO and KEGG pathway analyses. LncRNA XR_427427.1 was associated with regulation of the apoptotic process, positive regulation of chemotaxis, and positive regulation of focal adhesion assembly (GO:0043066, GO:0050927, GO:0051894). ENST00000433734.1 was associated with neuron migration, axonal growth cone, dendritic spines, and stem cell differentiation (GO:0001764, GO:0044295, GO:0043197, GO:0048863). ENST00000453199.1 was associated with regulation of axonogenesis (GO:0050770). ENST00000559402.1 was associated with myelination and dendrites (GO:0042552, GO:0030425). XR_428585.1 was associated with the immune response, regulation of the acute inflammatory response, cytokine activity, and regulation of the apoptotic signaling pathway (GO:0006955, GO:0002675, GO:0005125, GO:2001235). XR_428553.1 was associated with the immune response, inflammatory response, regulation of immunoglobulin secretion, and cytokine activity (GO:0006955, GO:0006954, GO:0051024, GO:0005125). ENST00000447907.1 was associated with the innate immune response, positive regulation of the innate immune response, positive regulation of the cytokine biosynthetic process, and positive regulation of protein kinase activity (GO:0045087, GO:0045089, GO:0042108, GO:0045860). ENST00000524824.1 was associated with the inflammatory response (GO:0006954). ENST00000432148.1 was associated with leukocyte chemotaxis involved in the inflammatory response, regulation of the acute inflammatory response, positive regulation of cytokine production involved in the immune response, positive regulation of the acute inflammatory response to nonantigenic stimuli, and positive regulation of chemokine production (GO:0002232, GO:0002673, GO:0002720, GO:0002879, GO:0032722). Selecting the reliability prediction terms (according to P-value and enrichment) produced a total of 30 enrichment GO terms ( Figure 3A) . LncRNA KEGG pathways are listed in Figure 3B , which included pathways for axon guidance, leukocyte transendothelial migration, mTOR signaling, tight junctions, and cell adhesion molecules (CAMs). All of these pathways are associated with immune and inflammatory responses.
The results of the GO and KEGG pathway analyses confirmed that lncRNAs might play important roles in the immune system, such as inflammation, cell differentiation, and proliferation.
"Cis" Analysis of the Expression of lncRNAs and Adjacent Coexpression Genes
Evidence suggests that several lncRNAs regulate their own transcription in cis-regulatory fashion, as well as that of nearby genes, by recruiting remodeling factors to local chromatin [28] . Prompted by this self-regulation evidence, we identified chromosomal coexpression genes 10 kbp upstream and downstream of the differentially expressed lncRNAs to determine potential lncRNA "cis" genes. Comparing patients with MS to healthy con- trols, we found 10 "cis" genes (Table 3 ). Among these "cis" genes, PAX9 is associated with cellular processes occurring during neuronal differentiation, and DDIT4 is associated with oxidative stress.
"Trans" Mechanism of Aberrant lncRNAs and Construction of TF-lncRNA-target Gene Network
Currently, known "trans" regulation mechanisms involve factors that mediate chromatin regulation and transcription [29] . We calculated the lncRNA coexpression genes of chromatin regulators and transcription factors (TFs) in ENCODE to identify common genes involved in lncRNA regulation. Compared to healthy controls, in patients with MS, 33 "trans" genes were identified ( Table 4) . The "TF-lncRNA" two-element network was generated using Cytoscape software. Figure 4A shows the "TF-lncRNA" core network map for patients with MS versus healthy controls (Pearson coefficient >0.997). The transcription factor NKx2-5 modulated the expression of 9 lncRNAs, whereas the TF USF modulated the expression of 2 lncRNAs. This map provides a vivid picture of the relationship between lncRNAs and transcription factors and generates additional information for future studies. Based on the results of the lncRNA coexpression analyses, we added the target genes into the "TF-lncRNA" network to determine the "TFlncRNA-target genes" three-element network relationship. Figure 4B shows the core TF-lncRNA-target gene relationship map for patients with MS versus healthy controls, which contain 9 lncRNAs that have disrupted expression, 10 target genes, and 1 core TF NKx2-5 in this core map. As observed for "NKx2-5-lncRNA XR_132575.3-A_33-P3368203" in this map, target genes, such as A_33-P3368203, were coexpressed genes for lncRNA XR_132575.3. The transcription factor NKx2-5 may regulate the expression of lncRNA XR_132575.3 and target genes, such as A_33-P3368203. Thus, these maps provide valuable information concerning transcription factors, lncRNAs, and target genes. 
Conclusion
LncRNAs play important roles in regulating gene expression. Abnormal expression of lncRNAs is often involved in the pathogenesis and progression of many diseases. Recent studies demonstrate that lncRNAs are closely related to the immune system [7, 30, 31] . However, the expression pattern, potential targets, and functions of lncRNAs in terms of the development and pathogenesis of the MS are still unknown. Therefore, in this study, we systematically screened the genomewide expression pattern of lncRNAs as well as mRNAs in PBMCs obtained from patients with MS and healthy controls. We identified 2353 upregulated and 389 downregulated lncRNAs, and 1037 upregulated and 279 downregulated mRNAs. Among them, 137 lncRNAs had a >6-fold difference, and 37 lncRNAs had a >8-fold difference in expression level between the MS and control groups, suggesting that these lncRNAs may play important roles in the process of MS. Several candidate lncRNAs that we identified were chosen for real-time PCR validation. Real-time PCR revealed the same direction of regulation and significant differences in lncRNAs expression in MS and healthy controls. Therefore, our results from the real-time PCR analysis confirmed the microarray data to some extent. MS is a chronic inflammatory disease of the CNS mediated by CD4 + T cells and is characterized by demyelinating lesions and progressive axon loss [1] . The pathogenesis of MS is traditionally thought to be complex and not well understood, and genetic and environmental risk factors are reported to be involved [2] [3] [4] . Genetic susceptibility and environmental factors prime the immune response in MS that targets the CNS. Plasma cells arise in the periphery but can accumulate in the brain, where they can locally release antibodies that target both myelin sheaths and glial cells. Next, released inflammatory mediators open the blood-brain barrier and attract monocytes and additional lymphocytes, causing an influx of these cells and leading to the formation of phagocytic lesions [32, 33] . Chronic oxidative injury, microglia activation, and accumulating mitochondrial damage in axons are critical factors driving neurodegeneration [34] . Here, we drew conclusions about lncRNA functions based on coexpressed gene relationships identified in GO and pathway analyses. In a comparison between patients with MS and healthy control subjects, the most enriched GO terms in the predicted target genes of the lncRNAs were tight junction, regulation of axon guidance, axon guidance receptor activity, and regulation of endothelial cell chemotaxis. Many of them were associated with the immune pathology of MS. Therefore, these results provide significant new information for further studies on MS.
Using a bioinformatics approach, we predicted that the differentially expressed lncRNAs were likely able to execute their functions by regulating gene expression in both a cis and trans fashion [29] . Cis regulation is identified as occurring when the transcription of an lncRNA affects the expression of its neighbor genes. By screening the coexpressed genes located near the differentially expressed lncRNAs, we discovered some possible cis-regulatory target genes. For instance, HOXC9 might be the target of lncRNA uc.341-, which is upregulated by 2.9-fold in PBMCs of patients with MS. Another example is DDIT4, which is upstream of lncRNA ENST00000491934.2 (2.87-fold upregulation) and is a likely candidate for the cis-regulated target of ENST00000491934.2. HOXC9 has been reported to regulate distinct sets of genes to coordinate diverse cellular processes during neuronal differentiation [35, 36] . In addition, DDIT4, an oxidative gene, localizes to mitochondria, where it plays an important role in reducing reactive oxidative species (ROS) production and release by mitochondria [37] . For example, excessive ROS production by mitochondria is related to lower sperm quality [38] . These data suggest that expression of DDIT4 is important for cell survival during germ cell development, because only cells showing high expression of these genes seem to be sufficiently protected against oxidative stress and to be capable of reaching the ejaculate. Cells that do not sufficiently express these genes probably die before reaching a mature state, and as a result, sperm count is significantly decreased. Therefore, we hypothesize that lncRNAs ENST00000491934.2 and HSP90AA4P might be involved in the pathophysiology of MS by regulating HOXC9 and DDIT4 gene expression, respectively, in a cis fashion.
LncRNAs can also act on their target genes through longrange trans regulation in conjunction with other TFs. For example, the lncRNA XR_132575.3 can affect the transportation of NKx2-5, thereby influencing the expression of NKx2-5 target genes. In our study, to identify which TFs exert coregulatory effects on differentially expressed lncRNAs, we overlapped the coding genes coexpressed with lncRNAs and the genes targeted by TFs.
In summary, this study described the expression profile of lncRNAs in patients with MS using a RNA microarray method. Bioinformatics approaches were used to predict the target genes and potential functions of the differentially expressed lncRNAs. These findings suggest that the differentially expressed lncRNAs may be important in the process of MS. However, the specific molecular mechanisms and biological functions of these lncRNAs in the pathogenesis of MS need further study.
